Abstract. ß-elemene has recently raised interest in P.R. China as a novel antitumor plant drug isolated from the Chinese medicinal herb Zedoary. To explore potentially useful combinations of ß-elemene with taxanes in the clinic, we characterized the effects of ß-elemene combined with taxanes in human lung cancer cells using a median effect analysis, micronucleus assay, apoptotic detection, and determination of gene expression in the signaling pathways of apoptosis. The synergistic analysis indicated that the interactions of ß-elemene with paclitaxel or docetaxel ranged from slight synergism to synergism. Combinations of ß-elemene with docetaxel induced much stronger synergistic interactions in p53 mutant H23 cells and p53 null H358 cells than in p53 wild-type H460 and A549 cells. Similar synergistic interactions were observed by micronucleus assay, apoptotic detection, and determination of apoptotic gene expression. Our findings indicate that the synergistic effects achieved with combinations of ß-elemene and taxanes are related to the augmented cytotoxic efficacy of taxanes owing to the action of ß-elemene. In H460 and A549 cells, dose-dependent upregulation of p53 protein expression was observed in cultures treated with docetaxel alone and with docetaxel plus ß-elemene, whereas no significant change in p53 expression was observed in any of the treatment groups in H23 cells. Fas revealed no alteration of expression with any of the treatments in this study. However, the combination treatments induced increased cytochrome c release from mitochondria, significant caspase-8 and -3 cleavage, and downregulation of Bcl-2 and Bcl-X L expression. These results suggest that, although p53 plays an important role in taxaneinduced cell death, apoptosis induced by ß-elemene or in combination with docetaxel thereof seems to be initiated through a p53-and Fas-independent pathway via mitochondria in our lung cancer cells. The suppression of specific 'survival' gene expression appears to be the key action leading to the synergistic effect of combination treatments with ß-elemene and taxanes. Finally, the ß-elemene-induced alteration of cell membrane permeability, which has potential to result in enhanced cellular uptake of taxanes, may also contribute to the synergistic interactions of the combination treatments.
Introduction
Lung cancer is the leading cause of cancer death in both men and women in the United States, killing more people than breast, prostate, colon, and pancreas cancers combined. More than one million people worldwide are diagnosed with lung cancer every year. Taxanes, which are antimitotic drugs, have been widely used clinically for chemotherapy of patients with lung cancer in recent years. Like other antimitotic agents, taxanes have undesired side effects that can be serious. The most common side effects are neutropenia, alopecia, allergic reactions, neuropathy, and fatigue (1) . Drug resistance to taxanes represents another major obstacle when these drugs are used alone as single clinical agents. The use of two taxanes, paclitaxel and docetaxel, in combination with other anticancer drugs, such as anthracyclines, antimetabolites, alkylating agents, and topoisomerase inhibitors, is being studied for the treatment of human cancers (1) . Interest in the combination of taxanes with other anticancer drugs has been profound because these anticancer drugs may have non-overlapping side effect profiles and may be able to overcome some of the resistance of cancers to taxanes as single agents (2) .
Taxanes usually target the tubulin/microtubule network of the cytoskeleton, which is formed by an assembly of cytoplasmic tubulin dimers. Several synthetic and natural INTERNATIONAL JOURNAL OF ONCOLOGY 31: 241-252, 2007 
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In vitro combination characterization of the new anticancer plant drug ß-elemene with taxanes against human lung carcinoma compounds interact specifically with tubulin and microtubules, fundamentally destroying their dynamic character and leading to cell death (3) . In cancer treatment, taxanes are the most commonly used of the antimitotic drugs, which are an important class of antitumor drugs that inhibit the functions of cellular microtubules by suppressing their dynamics. They are potent inhibitors of cell growth and cell cycle progression, and induce apoptotic cell death (4) . The two clinical taxane prototypes, paclitaxel and docetaxel, are widely used as components of chemotherapies for ovarian and breast carcinomas and have shown efficacy against a large number of other solid tumors, including carcinomas of the lung, head and neck, bladder, and esophagus (5, 6) . Paclitaxel (brand name, Taxol) was approved by the Food and Drug Administration (FDA) in 1992 to treat advanced (metastatic) breast cancer (7) . Docetaxel (brand name, Taxotere) is a cancer drug that resembles paclitaxel in chemical structure and received FDA approval in 1996 for the treatment of advanced breast cancer in patients who do not respond well to chemotherapy with the drug doxorubicin (7) . Although differences exist in their molecular pharmacology, pharmacokinetics, and pharmacodynamic profiles, paclitaxel and docetaxel share similar mechanisms of antitumor action; i.e., the promotion of microtubule assembly and the inhibition of microtubule disassembly. Randomized clinical trials evaluating paclitaxel and docetaxel in the first-line treatment for lung cancers have confirmed that taxanes are leading contributors to the armamentarium of lung cancer treatments (8) . In addition to its efficacy in the first-line therapy for non-small cell lung cancer (NSCLC), docetaxel is also the FDA-approved second-line agent for recurrent or relapsed NSCLC in the US (9) . ß-elemene, isolated from the Chinese medicinal herb Zedoary, was shown to exhibit in vitro and in vivo antitumor activity to human and murine tumor cells (10) . Recent study has shown that this new anticancer drug has substantial clinical activity against various tumors and may present fewer and differential side effects as compared with those of rationally designed anticancer drugs. Several studies have indicated that the possible side effects of ß-elemene given intravenously include slight fever (usually lower than 38˚C), gastro-intestinal reactions, allergic reactions, local pain, and phlebitis (10, 11) . No bone marrow, liver, cardiac, or renal toxicities were found to be related to clinical treatment with ß-elemene (12) . However, the mechanisms by which the novel anticancer drug ß-elemene leads to cell death and drug sensitivity/resistance are still not clear. Recent studies showed that ß-elemeneinhibited cell proliferation was correlated to G2-M phase arrest in leukemia HL-60 and K562 cells (13, 14) . In addition, ß-elemene was found to trigger apoptosis in glioma SHG-44 cells and leukemia K562 cells (13, (15) (16) (17) , and the apoptosis induced by ß-elemene was associated with reduction of Bcl-2 protein expression. We also showed that the antitumor effect of ß-elemene in non-small-cell lung cancer cells is mediated through induction of cell cycle arrest and apoptotic cell death (18) . Furthermore, we demonstrated for the first time that ß-elemene markedly enhanced cisplatin-induced cytotoxicity in chemoresistant ovarian carcinoma cells (19) . The effect and mechanism of ß-elemene in combination with other chemotherapeutic agents for malignancies are not elucidated, however, investigations have revealed differences in cell toxicity in vitro and side effects in vivo between ß-elemene and taxanes that suggest they may be suitable for use in combination.
In the present article, the in vitro cytotoxicities of ß-elemene, paclitaxel, and docetaxel were evaluated in two-drug combinations using four human lung cancer cell lines, which included p53 wild-type H460 and A549 cells, p53 mutationtype H23 cells, and p53 null-type H358 cells. The aim of this study was to address the issue of synergism between ß-elemene and taxanes in their effects against human lung cancer. Our results indicate that the interaction effects of ß-elemene with paclitaxel or docetaxel in the four lung cancer cell lines examined ranged from slight synergism to synergism. The combinations of ß-elemene with taxane exerted much stronger synergistic interactions in p53 mutation-type H23 and p53 null-type H358 cells than in p53 wild-type H460 and A549 cells. Furthermore, our findings indicate that the ability to achieve synergistic effects by the concomitant use of ß-elemene and taxane may be related to taxane-induced inhibition of the expression of drug resistance genes. The alteration of cell membrane permeability induced by ß-elemene, which has potential to result in an enhanced cellular intake of taxane, may also play an important role in the synergistic interactions of the combination treatments. Finally, our data indicate a new chemotherapy strategy of taxane treatment in combination with ß-elemene that has potential clinical impact against lung cancer. Therefore, the combination of ß-elemene with paclitaxel or docetaxel presently being evaluated in vitro should also be evaluated in a clinical setting. The following stock solutions were prepared and stored at -70˚C: paclitaxel (1 mM), docetaxel (1 mM), and ß-elemene (4.89 mM) dissolved in dimethyl sulfoxide (DMSO) and diluted in RPMI-1640 medium. The stock solutions were further diluted in the culture medium to achieve the desired drug concentrations before use.
Materials and methods

Chemicals
Cell lines and cell culture conditions. Human lung cancer cell lines p53 wild-type H460 and A549, p53 mutation-type H23, and p53 null-type H358 were purchased from American Type Culture Collection (ATCC, Manassas, VA). RPMI-1640 medium (Life Technologies, Inc.) was used for cell culture growth. Prior to the experiment, the cells were kept in logarithmic growth in 75-cm 2 cell culture flasks by passing the cells every third day using RPMI-1640 medium, which contained 2 mM L-glutamine, 100 U/ml streptomycin, 100 U/ ml penicillin, and 10% (v/v) heat-inactivated fetal bovine serum. The cells were grown at 37˚C in a humidified atmosphere of 5% CO 2 and 95% air. Cells in mid-logarithmic growth (50% confluence) were used for the experiments. The cultures were repeatedly evaluated for the presence of mycoplasma and had viability >95%.
MTT assay. The toxic efficacy of each drug was evaluated individually by MTT assay in each of the four lung cancer cell lines. The cells were harvested during logarithmic growth and were seeded at 1,000 cells/well in 100 μl medium in 96-well flat-bottomed microtiter plates. After the cells attached overnight, the medium was discarded, and the cells were incubated with or without drug treatment for the designated times. At 24, 48, or 72 h after treatment, 20 μl of MTT assay solution was added to each well. After a 2-h incubation in a 37˚C incubator, the absorbance at 690 nm was measured using a microplate reader (Thermo Labsystems, VA) to determine the survival percentage. Eight replica wells were measured for each treatment group, and each experiment was repeated three times. Appropriate solvent controls were run with the assays and produced no cytotoxic effects. The data were analyzed by converting the dose-response curves into log-linear model regression curves. The 50% inhibitory concentrations (IC 50 , i.e., the drug concentration causing 50% inhibition of cell viability) for each drug alone and in combinations were determined from the plots of the percentage growth inhibition versus the log of the drug concentration (linear regression) by comparison with untreated cells. All reported values are the means of three experiments, with each study having eight wells per dose level.
Micronucleus assay. Cells were seeded in a cell culture dish (100x20 mm) into which a sterilized glass slide (18x18 mm) had been placed before seeding. After treatment in the presence or absence of ß-elemene, paclitaxel, docetaxel, or the combinations of two drugs according to the desired method, the cells were gently rinsed with PBS for 2 min. The cells were incubated in a hypotonic solution containing 0.075 M KCl for 4-8 min and then fixed with a solution of methanol and glacial acetic acid (3:1, v/v) for 1 h. The cells were stained with TREND Giemsa Plus stain (Alexon Treny, Ramsey, MN) following the manufacturer's protocol and examined under light microscopy. At least 1,000 cells per slide were scored for the frequency rate of micronuclei (MN). At the same time, 300 nuclei were counted for the analysis of mitotic cell frequency. In addition, photographs were taken under the microscope for the observation of morphological changes.
Annexin V binding assay. Cell culture was conducted as stated above. After the desired treatments, the cells were transferred from a culture flask to a staining tube and were washed with 4 ml of PBS at 4˚C. The cells were centrifuged for 4 min at 1,000 rpm at 4˚C, and the supernatants were discarded. One hundred μl of annexin V-FITC (2 μg/ml) in annexin V binding buffer (10 mM HEPES, 150 mM NaCl, 5 mM KCl, 1 mM MgCl 2 , 1.8 mM CaCl 2 , pH 7.4) were added to the cells, and the staining tubes were incubated for 1.5 h on ice in the dark. PI (0.2 μg dissolved in PBS) was added to each tube, and the cells were incubated for 20 min. Subsequently, the cells were washed with 4 ml HEPES buffer and were analyzed by flow cytometry within 30 min. All data were acquired with a Becton-Dickinson FACSCalibur dual laser cytometer. The data analysis was performed with the CellQuest Pro program (Becton-Dickinson). The number of apoptotic cells is expressed as a percentage of the total number of events.
Western blot analysis. Cells with or without treatment were washed with 4˚C PBS and were lysed on ice for 40 min in cell lysis buffer (Cell Signaling Technology, Inc., Beverly, MA) freshly supplemented with 10 μg/ml phenylmethylsulfonyl fluoride and 20 μM aprotinin before use. After the lysate was cleared by centrifugation at 12,000 rpm for 20 min at 4˚C, the total protein concentration of the whole-cell lysate was determined using Bio-Rad protein assay solution. Cytoplasmic lysates and mitochondrial lysates were prepared as described by Eminel et al (20) . Fifty μg of whole-cell lysate, cytoplasmic lysate, or mitochondrial lysate were denatured in 15 μl of 2X SDS sample loading buffer for 8 min at 95˚C, separated on 10% SDS-PAGE gels, and electrotransferred to a nylon transfer membrane by semi-dry electrophoretic transfer. After nonspecific binding sites were blocked with 5% skim milk in PBS containing 0.05% Tween-20 (PBST) overnight at 4˚C, the membranes were incubated in the relevant primary antibody (diluted 1:200-500 with 2.5% skim milk in PBST) for 2 h at room temperature. After washing with PBST eight times for 20 min each, the membranes were incubated in 2.5% skim milk in PBST containing the appropriate second antibody (1:2000) at room temperature for 1 h with constant shaking. The target proteins were detected using the ECL protein detection kit (Amersham Biosciences) and were visualized by autoradiography with Kodak BioMax Light film (Fisher Scientific). For the normalization of protein loading, the same membranes were stripped by incubation in stripping buffer (0.05% Tween, 0.2 M glycine, pH 2.5) at 80˚C for 25 min and used for Western blotting with a monoclonal antibody against ß-actin (1:500), using the same procedure.
Data analysis. Chemosensitivity was expressed as the IC 50 value. The IC 50 values were obtained from dose-response curves after fitting the data by log linear regression. The difference between the values of the different groups was evaluated by Student's t-test. The statistical significance of differences was set at P<0.05.
Results
IC 50 value of each drug determined individually by MTT assay.
Before studying the effects of ß-elemene combined with paclitaxel or docetaxel, the IC 50 for each individual drug was evaluated. Dose-response and time-dependent studies for each individual drug were conducted after 24-, 48-and 72-h incubations at different concentrations respectively. The IC 50 values for ß-elemene, paclitaxel, and docetaxel at three different time points in four different human lung cancer cell lines were calculated from the MTT assay results. Each of the three anticancer drugs inhibited the growth of lung cancer cells (Table I ; Fig. 1A , B and C). ß-elemene was less toxic than paclitaxel or docetaxel under the same experimental conditions in each of the four lung cancer cell lines. With increasing ß-elemene concentration or prolonged incubation time, the percentage of cell viability decreased in a dose-response and time-dependent manner. No obvious difference was observed in the IC 50 value for ß-elemene among the different lung cancer cell lines. However, a marked difference was seen in cytotoxic susceptibility among the cell lines when the cells were treated with paclitaxel or docetaxel. The p53 mutationtype H23 cells and p53 null-type H358 cells revealed much stronger resistance to the toxicity of taxanes than did the p53 wild-type H460 and A549 cells. Importantly, although all of the lung cancer cells were sensitive to the cytotoxicity of paclitaxel or docetaxel at lower concentrations, all four lung cancer cell lines presented drug resistance at elevated paclitaxel or docetaxel concentrations, especially >80.0 nM. For instance, after 72 h at 1280.0 nM paclitaxel or docetaxel, all four lung cancer cell lines still exhibited >10% cell viability.
Effects of drug combinations evaluated by synergistic analysis.
To determine the precise nature of the effects of ß-elemene combined with paclitaxel or docetaxel, a combination index (CI) for both mutually exclusive and mutually non-exclusive drugs, as defined by Chou and Talalay (21) , was calculated after a 72-h treatment of the four human lung cancer cell lines (Table II) . Ten fixed drug combinations with the concentrations of each drug at values above and below its IC 50 , i.e., within a range of 0.1-2 N where N is a value near the IC 50 of each drug individually, were explored. The dose-effect curves were plotted for each drug and for the ten diluted, fixed-ratio combinations. The combination index (CI) was then determined using the equations for i) mutually exclusive or ii) nonexclusive drugs as follows (22) Table I . IC 50 values of ß-elemene, paclitaxel, and docetaxel examined in four human lung cancer cell lines as evaluated by the MTT assay. 50 value is the concentration of drug required to inhibit cell growth by 50% relative to dilute controls; presented as the mean of eight simultaneous replicates repeated three times. The % cell viability = (OD with drug -blank) / (OD without drug -blank) x 100. a Values listed as >1280.0 nM paclitaxel or docetaxel indicate that the IC 50 values were not detectable in the treated lung cancer cells. Figure 1 . Effects of ß-elemene, paclitaxel, or docetaxel on in vitro cytotoxicity in four human lung cancer cell lines determined by MTT assay. p53 wild-type cells (H460 and A549), p53 mutation-type cells (H23), and p53 null-type cells (H358) were evenly distributed in 96-well plates (5x10 3 per well) and treated with different concentrations of ß-elemene (A), paclitaxel (B), or docetaxel (C) for 24, 48 and 72 h (data at 24 and 48 h not shown). Each concentration was run in triplicate. The ability of the drugs to inhibit cell proliferation was determined by the MTT cell survival assay, as described in Materials and methods, and cell viability values were expressed relative to those wells where no drug was added (100% control value). The results represent the mean of at least three independent experiments. Generally, it is considered that a CI value <1.0 indicates synergism, CI=1.0 indicates an additive effect, and CI>1.0 indicates antagonism. However, the more conservative classification method of Soriano et al (23) , which takes into account the confidence interval or standard division of the CI values, classifies the effects of drug combinations according to CI values as follows: >1.3, antagonism; 1.1-1.3, moderate antagonism; 0.9-1.1, additive effect; 0.8-0.9, slight synergism; 0.6-0.8, moderate synergism; 0.4-0.6, synergism; and 0.2-0.4, strong synergism.
The effects of ß-elemene combined with paclitaxel or docetaxel at higher levels of cytotoxicity (at IC 50 ) on the inhibition of human lung cancer cell proliferation are shown in Table II . From these data, it can be concluded that, whether the mechanism of drug interactions was assumed to be mutually exclusive or mutually non-exclusive, the CI values for the combinations of ß-elemene with paclitaxel or docetaxel revealed cytotoxic effects ranging from slight synergism to synergism, even when the CIs were evaluated with the classification method of Martin et al. The synergistic effects of combination interactions were much stronger in p53 mutation-type and p53 null-type cells than in p53 wild-type cells. Furthermore, the CIs for ß-elemene with paclitaxel or docetaxel varied depending on the cell type examined. These variations might reflect differences in the way different lung cancer cells handle drug-inflicted damage. However, no obvious differences were noted among the CIs for the combinations of ß-elemene and paclitaxel and those for the combinations of ß-elemene and docetaxel in any of the four cell lines.
Effects of drug combinations evaluated by micronucleus assay.
We examined whether the interactions of ß-elemene combined with paclitaxel or docetaxel that were revealed by the synergistic analysis could be confirmed by morphological observation by light microscopy. With the micronucleus assay, stronger cytotoxic efficacy was observed in the presence of two-drug combinations than with any of the three drugs individually (Table III, Fig. 2 ). Our data demonstrated that ß-elemene treatment alone did not induce a significant increase Table II . Synergistic analysis of the effects of ß-elemene combined with paclitaxel or docetaxel in human lung cancer cell lines after a 72-h treatment.
of ß-elemene with (mean ± SD) (mean ± SD) ------------------------------------------------ 
a Drug combinations of ß-elemene with paclitaxel or docetaxel were evaluated in four human lung cancer cell lines. CI values are shown for Fa50 (Fa is the fraction of cells affected; Fa50 is the point at which 50% of the cells were inhibited). Data are means ± SD of three independent experiments for each cell line.
b CI values calculated as for mutually exclusive drugs.
c CI values calculated as for mutually non-exclusive drugs.
- Table III . Micronucleus rate and mitotic interphase frequency in human lung cancer cells after a 48-h treatment with ß-elemene, paclitaxel, or docetaxel, alone or in two-drug combinations. - ------------------------------------------------------------------------------------------------ of the micronucleus rate or the mitotic arrest frequency compared with those of the untreated control (P>0.05), whereas paclitaxel or docetaxel produced striking increases in these two parameters. Furthermore, after a 48-h treatment with the drug combinations, especially the combination of ß-elemene and docetaxel, both the micronucleus rate and the mitotic arrest frequency were obviously enhanced compared with the values after each individual drug treatment. Thus, the morphological observations supported the results of the synergistic analysis. These results indicate that ß-elemene induces a significantly increased susceptibility of lung cancer cells to the cytotoxic effects of paclitaxel and docetaxel. This induction might be attributable to increased intracellular uptake of paclitaxel and docetaxel owing to ß-elemene, or to increased competition of ß-elemene for the efflux pump. In addition, in both paclitaxeland docetaxel-treated cultures, we observed a high frequency of cells in mitotic arrest.
Effects of drug combinations demonstrated by apoptotic induction as detected by annexin V binding in human lung cancer cells.
The synergistic effect of ß-elemene with paclitaxel or docetaxel after a 48-h treatment was evaluated by apoptotic induction as detected by annexin V binding in H460 cells. Apoptosis was assessed by flow cytometric analysis of cells that were simultaneously stained with annexin V and PI. Flow cytometric analysis showed that a greater percentage of apoptotic cells was induced by treatment with the twodrug combinations (ß-elemene + paclitaxel or ß-elemene + docetaxel) than with any of the three individually (Figs. 3  and 4) . Apoptosis occurred in 38.0% of cells treated with the combination of 100 μM ß-elemene and 2 nM docetaxel, whereas apoptosis occurred in 13.3% of cells with 200 μM ß-elemene alone and in 22.9% of cells with 4 nM docetaxel alone. A similar synergistic effect on apoptotic induction was observed with the combinations of ß-elemene and paclitaxel (Figs. 3 and 4) .
Effects of combined treatment with ß-elemene and docetaxel on the expression of proteins involved in apoptotic signal transduction pathways as detected on Western blots.
The mechanisms of ß-elemene-and taxane-induced apoptosis are yet to be elucidated. Presently, at least two pathways of caspase activation, extrinsically and intrinsically stimulated cascades, have been delineated in apoptotic processes (24, 25) . The extrinsic pathway involves apoptosis mediated by cell surface death receptors, such as Fas, tumor necrosis factor receptor, or TRAIL1 receptor. The intrinsic pathway is mediated by the release of cytochrome c from the mitochondria to the Cells were exposed to ß-elemene or docetaxel alone, or to both agents in combination at the indicated concentrations for 48 h. A total 50 μg of cell extract protein isolated from drug-treated cells was subjected to Tris-glycine gel electrophoresis and immunoblotted with the antibody against caspase-3. ß-actin was used as a loading control. Western blot data presented are representative of those obtained from three independent experiments. Combination treatments induced the upregulation of procaspase-3 expression in H23, H460, and A549 cells. In H358 cells, combination treatments induced significant formation of fragments (or cleavage) of caspase-3. Control, untreated; E, ß-elemene; TT, docetaxel. Figure 6 . Combination interactions of ß-elemene with docetaxel in apoptotic induction demonstrated by caspase-8 expression in human lung carcinoma cells. Cells were exposed to ß-elemene or docetaxel alone, or to both agents in combination at the indicated concentrations for 48 h. A total 50 μg of cell extract protein isolated from drug-treated cells was subjected to Tris-glycine gel electrophoresis and immunoblotted with the antibody against caspase-8. ß-actin was used as a loading control. Western blot data presented are representative of those obtained from three independent experiments. In the four human lung cancer cell lines, no significant increase of procaspase-8 expression is seen in any of the treatment groups; however, in some treatment cultures, the expression of procaspase-8 shows a striking decrease, which might be caused by the formation of fragments (or cleavage) of caspase-8. This phenomenon could be seen more clearly in combination treatment cultures of H23 and H358 cells. Control, untreated; E, ß-elemene; TT, docetaxel.
cytoplasm to initiate a caspase cascade. The two pathways of apoptosis, extrinsic/death receptor and intrinsic/mitochondrial, converge on caspase-3 and subsequently on other proteases and nucleases that drive the terminal events of programmed cell death (25) .
In this study, we found that combination treatments with ß-elemene and docetaxel for 48 h induced the increased cleavage (fragments) of caspase-3 ( Fig. 5 ) and caspase-8 (Fig. 6) . Treatment with ß-elemene, docetaxel, or combinations of these two drugs did not induce the upregulation of Fas expression (Fig. 7) . However, a synergistic effect was observed for the release of cytochrome c from mitochondria to the cytoplasm in combination-treated cells (Fig. 8) . The expression of p53 was upregulated in p53 wild-type H460 and A549 cells treated with docetaxel alone and with ß-elemene plus docetaxel, but not in normal human lung fibroblasts (data not shown) or p53 mutation-type H23 cells (Fig. 7) . No alteration of p53 expression was seen in cultures treated with ß-elemene alone (Fig. 7) . Lastly, the combination treatment with ß-elemene and docetaxel induced significant downregulation of Bcl-2 and Bcl-X L expression (Fig. 9 ).
Discussion
In this report, we demonstrated that the in vitro interactions of ß-elemene combined with taxanes (paclitaxel or docetaxel) ranged from slight synergism to synergism against human lung cancer cells. There are several important findings in this study. First, we found that synergistic interactions against lung cancer cells existed after the concomitant exposure of the cells to ß-elemene and a taxane. Stronger synergistic effects occurred in p53 mutation-type and p53 null-type lung cancer cells than in p53 wild-type cells. Second, our results indicated that the mechanisms of apoptotic induction differed between ß-elemene and taxanes as they seemed to attack different biochemical targets. ß-elemene probably triggers cancer cell apoptosis processes by interacting with the cell membrane at an early stage, whereas taxanes tend to initiate cell death cascades by interfering with nuclear events. Nevertheless, both ß-elemene and taxanes appear to trigger apoptotic induction pathways in a p53-and Fas-independent manner. Third, our results demonstrated significant and dose-dependent enhancement of p53 protein expression in two p53 wild-type lung cancer cell lines treated with taxanes alone and in combination with ß-elemene, whereas no alteration in p53 protein expression was observed in cells treated with ß-elemene at any concentrations. Furthermore, the combination drug treatments induced Figure 7 . Combination interactions of ß-elemene with docetaxel in apoptotic induction demonstrated by p53 and Fas expression in human lung tumor cells. Cells were exposed to ß-elemene or docetaxel alone, or to both agents in combination at the indicated concentrations for 48 h. A total 50 μg of cell extract protein isolated from drug-treated cells was subjected to Tris-glycine gel electrophoresis and immunoblotted with the antibody against p53 or Fas. ß-actin was used as a loading control. Western blot data presented are representative of those obtained from three independent experiments. Docetaxel induced increased p53 expression in a dose-response manner in the p53 wild-type H460 and A549 cell lines but not in the p53 mutation-type H23 line. ß-elemene exerted no obvious effect on p53 expression in any of the human lung cancer cell lines. No significant change in Fas expression is observed with ß-elemene or docetaxel alone or in combination. Control, untreated; E, ß-elemene; TT, docetaxel. Figure 8 . Combination interactions of ß-elemene with docetaxel in apoptotic induction demonstrated by cytochrome c release in human lung cancer H460 cells. H460 cells were exposed to ß-elemene or docetaxel alone, or to both agents in combination at the indicated concentrations for 48 h. A total 50 μg of cell extract protein isolated from drug-treated H460 cells was subjected to Tris-glycine gel electrophoresis and immunoblotted with the antibody against cytochrome c. ß-actin was used as a loading control. Western blot data presented are representative of those obtained from three separate experiments. Compared with untreated control cells, H460 cells treated with docetaxel and with drug combinations seem to induce more cytochrome c release from mitochondria (M) to the cytoplasm (C). Control, untreated; E, ß-elemene; TT, docetaxel. Figure 9 . Combination interactions of ß-elemene with docetaxel in apoptotic induction demonstrated by the expression of Bcl-2 and Bcl-X L in human lung carcinoma cells. Cells were exposed to ß-elemene or docetaxel alone, or to both agents in combination at the indicated concentrations for 48 h. A total 50 μg of cell extract protein isolated from drug-treated cells was subjected to Tris-glycine gel electrophoresis and immunoblotted with the antibody against Bcl-2 or Bcl-X L . ß-actin was used as a loading control. Western blot data presented are representative of those obtained from three independent experiments. Combination treatments of ß-elemene with docetaxel induced significant downregulation of Bcl-2 and Bcl-X L expression, especially at higher-dosage combination treatments. In A549 cells, docetaxel induced the expression of Bcl-X L , which is thought to contribute to the occurrence of drug resistance. Control, untreated; E, ß-elemene; TT, docetaxel. the cleavage of caspase-8 and -3 as well as significant downregulation of Bcl-2 and Bcl-X L . These results indicate that the use of ß-elemene combined with taxanes can enhance apoptotic induction and can inhibit the expression of drug-resistance genes induced by taxanes alone. Apoptotic enhancement induced by combinations of ß-elemene and taxanes may proceed through a death receptor-independent signaling pathway via mitochondria. The alteration of cell membrane permeability induced by ß-elemene is also hypothesized to play an important role in the synergistic interactions of the simultaneous exposure to the two drugs because it creates the potential to increase the cellular influx of taxanes. In addition, the enhanced cytotoxicity of taxanes owing to the concomitant exposure with ß-elemene might also reflect competition for the efflux pump between these two chemotherapeutic agents.
Taxanes represent one of the most powerful classes of antitumor agents and have become an integral part of several commonly used chemotherapy regimens in cancer management over the past few years (1). The central cytotoxic activity of taxanes in tumor cells was considered to be the induction of apoptosis (26, 27) . Although taxanes (paclitaxel and docetaxel) have been shown to be effective for the treatment of lung cancers, taxane-related drug resistance and side effects remain major obstacles to be overcome in clinical practice. As a novel anticancer plant drug in P.R. China, ß-elemene has been proven effective for the treatment of cervical carcinoma and cancers of the lung, liver, brain, and other tissues (12, 28) . The principal side effects of ß-elemene include slight fever, gastrointestinal reactions, allergic reactions, local pain, and phlebitis. An MTT assay analysis of the effect of ß-elemene on the growth of leukemia cells showed that the IC 50 s in promyelocytic leukemia HL-60 cells and erythroleukemia K562 cells were 135 and 397 μM, respectively; however, the IC 50 in peripheral blood leukocytes (PBL) was 1247 μM (29) . The inhibitory effect of ß-elemene on the proliferation of HL-60 cells was associated with cell cycle arrest at the S to G2/M phase transition and with the induction of apoptosis. Tumor cell apoptosis induced by ß-elemene was confirmed by DNA ladder formation observed by gel electrophoresis, downregulated Bcl-2 expression (15, 17, 29, 30) , and ultrastructural alterations (15) . In this regard, ß-elemene, a plant anticancer agent with low cellular toxicity to normal tissues, was hypothesized as a possible candidate for a synergistic combination drug with taxanes.
To evaluate the actions against human lung cancer produced by the combination of ß-elemene with paclitaxel or docetaxel, the cytotoxic efficacy of each of the three drugs against human lung tumor cells was first detected individually by MTT assay.
Of the three chemotherapeutic agents tested, docetaxel was the most toxic agent to lung carcinoma cells. ß-elemene was less toxic to lung cancer cells than was paclitaxel or docetaxel under the same experimental conditions. No large differences were seen among the IC 50 values of ß-elemene in the different lung cancer cell lines. However, striking differences were observed between the cytotoxic susceptibilities of p53 wildtype cells (H460 and A549) and p53 mutant or null cells (H23 and H358) in both the paclitaxel and docetaxel treatment groups. The findings of this study indicate that p53 mutant or null cells (H23 and H358) are much more resistant to the cytotoxicity of paclitaxel or docetaxel, suggesting that the p53 gene plays an important role in the cell death process even though the apoptotic process induced by taxanes might not initiate through a p53-dependent pathway. Interestingly, in this study, we found that all four lung cancer cell lines presented drug resistance to taxanes as drug concentrations increased to 80 nM or higher. These results demonstrate the importance of determining the proper clinical dosage required to produce the greatest chemotherapeutic efficacy while at the same time avoiding the occurrence of drug resistance and minimizing as much as possible the side effects induced by taxane agents.
The median effect model is most accurate at the Fa50 value because it is a linear approximation of a higher order equation (31) . Hence, we selected the CI value at the Fa50 as the combination index. Using this methodology, and assuming either mutually exclusive or mutually non-exclusive mechanisms of drug action, virtually all CI values (CIs) from the simultaneous exposure to ß-elemene plus either paclitaxel or docetaxel revealed a degree of synergism, which ranged from slight synergism to synergism (0.4<CI<0.9). The CIs obtained for simultaneous treatments with ß-elemene and paclitaxel or docetaxel varied in different cell lines but with no significant difference. In addition, no obvious differences were seen among the CIs obtained with the combinations of ß-elemene and paclitaxel or with the combinations of ß-elemene and docetaxel. Although interaction assessments in this study showed that the concurrent exposure to ß-elemene plus paclitaxel or docetaxel for 72 h clearly resulted in synergism in all four lung cancer cell lines studied, the molecular mechanism underlying this effect cannot be determined based singly on the synergistic analysis results.
Genetic toxicology tests were among the early studies conducted to assess the safety profile of a compound. They were designed to determine whether a compound can interact with DNA and thereby produce gene mutations or chromosomal breakage. Some tests can also detect compounds that interact with components of the mitotic spindle apparatus. One such frequently used test is the in vitro micronucleus (IVM) test (32) . In this study, we used the IVM method to identify morphological changes induced by three antitumor drugs, alone or in combination. Our results indicate that ß-elemene treatment alone did not significantly increase the incidence of micronuclei or mitotic arrest, whereas paclitaxel or docetaxel strikingly increased both parameters. After 48 h of treatment with the drug combinations, either the rate of micronuclei formation or the percentage of cells in mitotic arrest was significantly enhanced over that seen with each individual drug alone, especially for lung cancer cells treated with combinations of ß-elemene and docetaxel. These results are consistent with those obtained by the synergistic analysis. In addition, in both the paclitaxel-and docetaxel-treated groups, we observed a high frequency of mitotic arrest in the cells. As the present study shows that ß-elemene induces a significantly enhanced susceptibility of lung cancer cells to the cytotoxicity of paclitaxel or docetaxel, we suggest that ß-elemene might produce increased intracellular paclitaxel or docetaxel concentration by inducing increased drug uptake. The enhanced cytotoxicity of taxanes used in combination with ß-elemene might also result from competition for the efflux pump between the two drugs. These mechanisms remain to be elucidated in further studies.
The detection of annexin V binding by flow cytometry using a two-color staining regime makes it possible to distinguish cells in early apoptosis, late apoptosis, or necrosis. By detecting annexin V binding, we found that apoptotic cell numbers could be significantly enhanced in combinationtreated cultures after 48 h of incubation, which is consistent with the results of the synergistic analysis by the MTT assay and those obtained with the micronucleus assay. Our data indicate that treatment with either ß-elemene and paclitaxel or ß-elemene and docetaxel could induce an increase in the number of apoptotic cells, in a dose-dependent manner. Furthermore, the apoptotic cell percentages induced by the treatments with the two-drug combination were greater than those induced by the drugs individually. For example, the combined treatment using ß-elemene (100 μM) and docetaxel (4 nM) resulted in apoptosis in 38.0% of lung cancer cells, whereas 200 μM ß-elemene or 4 nM docetaxel alone produced apoptosis in 13.3% and 22.9% of the cells, respectively. A similar synergistic induction of apoptosis was also observed with the combination of ß-elemene and paclitaxel. These results suggest that the synergistic cytotoxic effects of the combination of ß-elemene and taxanes might be the result of an enhancement of apoptotic induction.
Two major cellular apoptotic pathways have been documented that mediate apoptosis on exposure to different types of stimuli, such as anticancer drugs, ionizing radiation, and viruses (33) . One pathway is the death receptor-dependent signaling pathway triggered by CD95/Fas, the tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL) receptors, and TNF-receptor-1 (34); the other is the death receptor-independent signaling pathway which acts via the mitochondria (34, 35) . In both cases, stimulation of the apoptotic pathway leads to the processing and activation of initiator caspases, such as caspase-8, which subsequently transmit the signal to downstream effector caspases. A study by von Haefen et al demonstrated that paclitaxel-induced apoptosis proceeds via a mitochondrial amplification loop driven by caspase-8 and -3 (36) . This caspase-8/3-mediated mitochondrial amplification loop is required for optimal release of cytochrome c, the mitochondrial permeability shift transition, and cell death during apoptosis induced by treatment with the microtubule-damaging agent paclitaxel. Our data are in line with this report. In the present study, we found that ß-elemene, docetaxel, or combinations of the two induced an increased cleavage of caspase-8 and -3 and the release of cytochrome c from mitochondria into the cytoplasm. Furthermore, significant synergistic effects on these alterations were observed with the combination drug treatments, especially in p53 mutation-type and p53 null-type human lung cancer cells. No alternation of Fas gene expression was observed in our study with ß-elemene or docetaxel alone or with a combination of the two drugs. These results are consistent with those of previous studies, demonstrating that taxanes induce apoptosis via a Fas-independent signaling pathway (37) (38) (39) . The synergistic effects on apoptosis that are induced by combinations of ß-elemene and docetaxel seem to occur via a mitochondrial pathway.
Agents that damage DNA, such as anticancer drugs and ionizing radiation, can induce apoptosis through a p53-dependent or -independent pathway (40) . However, the role of p53 in taxane-induced apoptosis in lung cancer cells remains unclear. In vivo evidence from murine tumor models suggested that the antitumor activity of docetaxel is independent of the tumor suppressor gene p53 (41) . The findings derived from our study comparing human lung cancer cells and human lung fibroblasts also imply that cell death induced by taxanes occurs through a p53-independent pathway; i.e., no alteration of p53 expression was observed in human lung fibroblasts treated with different docetaxel concentrations, although the IC 50 values and morphological changes were similar to those seen in H460 and A549 lung cancer cells (data not shown). Although p53 seems to be dispensable for taxane-induced apoptosis (42) (43) (44) , increased expression of p53 occurs coincidentally with the enhancement of apoptosis in the p53 wild-type cell lines H460 and A549 treated with ß-elemene in combination with paclitaxel or docetaxel in our study. Given that taxanes exerted much stronger cytotoxicity in p53 wild-type H460 and A549 cells than in p53 mutation-type H23 cells or p53 null-type H358 cells, our findings suggest that p53 acts at least as a 'promoter' gene in taxane-induced apoptotic cell death. However, the synergistic interaction between ß-elemene and docetaxel was not reflected in the expression of p53, indicating that the synergistic effect of ß-elemene and taxanes is not mediated through a p53-dependent pathway.
Taxanes are important chemotherapeutic agents, but the development of clinical drug resistance poses a major obstacle for the survival of cancer patients. Despite promising initial responses to chemotherapy, many patients experience recurrence of the primary tumor and/or metastases. The mechanisms of resistance to taxanes and other microtubule-stabilizing agents previously characterized in human cell lines include the expression of the drug efflux pump, P-glycoprotein, and mutations in the cellular target of taxane, ß-tubulin (45) . In addition, studies have also demonstrated that the overexpression of Bcl-2 and Bcl-X L inhibits taxane-induced Yama protease activity and apoptosis (46-48). Furthermore, Bcl-2 and Bcl-X L can also prevent pore formation and block the release of cytochrome c from mitochondria (49) . Previous studies indicated that the expression of Bcl-2 was decreased in ß-elemenetreated tumor cells as compared with expression in untreated control cells (15, 29, 30) . Our results indicate that a striking reduction of Bcl-2 and Bcl-X L protein expression was seen only in lung cancer cells exposed to the combination treatments of ß-elemene and docetaxel, as compared with expression in cells treated with the drugs individually. Thus, the synergistic effects between ß-elemene and taxanes may be in part related to the ß-elemene-induced downregulation of the expression of the drug resistance genes Bcl-2 and Bcl-X L .
In conclusion, side effects and the development of drug resistance limit the use of taxanes for treating patients with lung cancers. In this study, we evaluated treatments with the combination of the new antitumor plant drug ß-elemene and the conventional chemotherapeutic agents paclitaxel and docetaxel in human lung cancer. The combination of ß-elemene with paclitaxel or docetaxel resulted in synergistic growth inhibition, especially in the p53 mutation-type and p53 nulltype cell lines. The addition of ß-elemene to taxanes increases the effectiveness of taxanes and may overcome/reverse drug resistance to taxanes. The current study opens up new ways to study the effect of combination interactions of different anticancer agents in relation to the apoptotic mechanism activated. Further study is necessary to accurately dissect the interaction mechanisms of these drug combinations. Finally, in addition to the in vitro evaluation of the effects of ß-elemene combined with paclitaxel or docetaxel, these effects should be evaluated in a clinical setting.
